Lysosome GPCR a b s t r a c t Prosaposin (also known as SGP-1) is an intriguing multifunctional protein that plays roles both intracellularly, as a regulator of lysosomal enzyme function, and extracellularly, as a secreted factor with neuroprotective and glioprotective effects. Following secretion, prosaposin can undergo endocytosis via an interaction with the low-density lipoproteinrelated receptor 1 (LRP1). The ability of secreted prosaposin to promote protective effects in the nervous system is known to involve activation of G proteins, and the orphan G proteincoupled receptors GPR37 and GPR37L1 have recently been shown to mediate signaling induced by both prosaposin and a fragment of prosaposin known as prosaptide. In this review, we describe recent advances in our understanding of prosaposin, its receptors and their importance in the nervous system.
Introduction
A number of secreted factors, including a variety of proteins, peptides, bioactive lipids and other types of molecules, are capable of exerting protective actions on neurons and glia in the nervous system. Such protective factors and their receptors have garnered significant research interest for their potential as therapeutic targets in the treatment of neurological damage and disease (Allen et al., 2013; Schulte-Herbruggen et al., 2008) . One of the largest and most intensively-studied families of protective factors is the neurotrophins, which includes nerve growth factor, brain-derived neurotrophic factor and several other secreted proteins that act predominantly through receptor tyrosine kinases (Chao, 2003) . Other protective factors, including ciliary-derived neurotrophic factor (CNTF) and interleukin-6, signal through cytokine receptors coupled to the JAK/STAT pathway (Bauer et al., 2007) . In addition to these distinct classes of neurotrophic factors, there are also a number of unique protective factors that demonstrate potential in the treatment of nervous system injuries and neurological disorders. One such unique factor, which has been studied for more than 20 years in terms of its protective actions on neurons and glia, is prosaposin.
The function of prosaposin and the saposins

Prosaposin as a lysosomal protein
Prosaposin was initially identified as the precursor protein for four lysosomal activator proteins known as the saposins A-D . Saposins were named due to their actions as sphingolipid activator proteins that facilitate the hydrolysis of sphingolipids via lysosomal hydrolases . Interest in the saposins began in the 1960s with the discovery of saposin B (Mehl and Jatzkewitz, 1964) followed by the discovery of saposin C in 1971 (Ho and O'Brien, 1971) . Saposin B, also known as SAP-1, was isolated and cloned in the mid-1980s (Dewji et al., 1986; Isemura et al., 1984) . Not long after, the prosaposin precursor protein was sequenced and identified as a homolog of the rat sulfated glycoprotein 1 (SGP-1) (Collard et al., 1988; O'Brien et al., 1988) and the mouse testicular sulfated glycoprotein 1 (Morales et al., 1998) . Each of the four saposins has a distinct role in promoting hydrolysis of sphingolipids, and this facilitation of hydrolysis is thought to be a result of saposin-induced remodeling of lysosomal membranes. Saposins A and C have been shown to enhance β-glucosylceramidase-mediated hydrolysis of glucocerebroside as well as hydrolysis of galactocerebroside (Morimoto et al., 1989; Wenger et al., 1982) . Saposin A primarily acts by optimizing the hydrolysis of galactocerebrosides via β-galactosylceramidase (Harzer et al., 1997) whereas saposin C enhances β-glucosidase activity and protects the enzyme from proteolytic degradation (Qi and Grabowski, 1998; Sun et al., 2003) . Saposin B enhances hydrolysis of galactocerebroside sulfate (Fischer and Jatzkewitz, 1975) , GM1 ganglioside (Inui and Wenger, 1984) , and globotriaosylceramide (Gartner et al., 1983; Li et al., 1985) , and also promotes glycerolipid hydrolysis (Li et al., 1988) . Finally, saposin D has been shown to enhance the hydrolysis of sphingomyelin by sphingomyelin phosphodiesterase (Morimoto et al., 1988 ). The precise molecular mechanisms by which the saposins promote the lysosomal processing of lipids are still a point of significant research interest, but direct saposin interactions with lipids appear to be important Soeda et al., 1993) . Saposins may act as "solubilizers", which facilitate the extraction of substrate lipids from lysosomal membranes for presentation to hydrolase enzymes, and/or as "liftases", which enhance enzyme access to substrate lipids via saposin-induced membrane remodeling. Support for the "solubilizer" and "liftase" models comes from a number of studies demonstrating saposin binding to substrate lipids and membrane remodeling induced by saposins (Alattia et al., 2006; Vaccaro et al., 1993; Vogel et al., 1991) Similarly, saposin binding to lipids has been shown to be crucial for lipid loading of CD1, which is necessary for CD1-mediated antigen presentation and immune system recognition of lipid-based antigens on pathogens (Kang and Cresswell, 2004; Leon et al., 2012; Zhou et al., 2004) .
Dysfunction or loss of saposins can result in an assortment of lysosomal storage diseases. Saposin A dysfunction has been linked to development of globoid cell leukodystrophy (GLD), also known as Krabbe disease (Matsuda et al., 2001; Spiegel et al., 2005) , largely through reports that mice deficient in saposin A also exhibit a Krabbe disease phenotype (Matsuda et al., 2007) and exhibit nervous system deficits including neurological deficits, hindlimb weakness, and a demyelination phenotype (Matsuda et al., 2001) . This was further confirmed by a clinical report of abnormal myelination in an infant diagnosed with Krabbe disease and deficient in saposin A (Spiegel et al., 2005) . Furthermore, leukocytes from this patient demonstrated an abnormality of galactocerebrosidase activity, which was linked to a three base pair deletion in the saposin A coding region of prosaposin (Spiegel et al., 2005) .
Mice deficient in saposin A as well as saposin B display motor deficits including tremor and foot slips and aberrant locomotor activity (Sun et al., 2013) . Additionally, these mice show motor neuron deterioration and accumulation of the autophagy marker LC3-II in the brainstem (Sun et al., 2013) , further underscoring the importance of saposin A function. Saposin B deficient mice have a distinct motor neuron deterioration phenotype, which is displayed as a head tremor that manifests itself by 15 months of age (Sun et al., 2008b) . Histological analyses of saposin B-deficient brains also have revealed activated microglia and reactive astrocytes, suggesting a proinflammatory response. Furthermore, cells in the brain and kidney accumulate fatty acid sulfatides (Sun et al., 2008b) , which is suggestive of a lysosomal storage disorder. In humans, saposin B deficiency is autosomal recessive with afflicted patients developing metachromatic leukodystrophylike cerebroside sulfate accumulation (Kretz et al., 1990) .
Saposin C deficiency can lead to different forms of Gaucher's disease in humans, predominantly type 2 and 3, which are known for neuropathological symptoms (Schnabel et al., 1991; Tamargo et al., 2012; Vaccaro et al., 2010) . Similarly, the mouse model of saposin C deficiency mimics type 3 Gaucher's disease (Sun et al., 2010) while the loss of full-length prosaposin (total saposin deficiency) most closely resembles type 2 Gaucher's disease (Hulkova et al., 2001 ). Finally, the phenotype for saposin D deficient mice is also degenerative in nature with mice developing ataxia at four months of age and progressive degeneration of Purkinje cells resulting in a complete disappearance of Purkinje cells by twelve months of age (Matsuda et al., 2004) . A primary function of saposin D is to enhance the hydrolysis of ceramide (Azuma et al., 1994) , and thus saposin D deficiency leads to ceramide accumulation, most prominently in the cerebellum (Matsuda et al., 2004) . Saposin D deficiency has also been reported in a patient diagnosed with Gaucher's disease (Diaz-Font et al., 2005) . Interestingly, total saposin deficiency results in a phenotype that is much more severe than the phenotypes observed upon loss of the individual saposins (Fujita et al., 1996; Hulkova et al., 2001) , which suggests that full-length prosaposin possesses biological activities above and beyond the enzymatic actions exhibited by the individual saposins.
Prosaposin as a secreted factor
In addition to serving as a precursor protein for the saposins, full-length prosaposin can also be released as a secreted factor into many secretory fluids including cerebrospinal fluid, semen, milk, pancreatic juice and bile (Hineno et al., 1991) . The extracellular presence of full-length prosaposin suggests a discrete function for full-length prosaposin beyond its role as the saposin precursor protein. Indeed, prosaposin has been identified as a neurotrophic factor capable of promoting cell survival, neurite outgrowth and differentiation in a cholinergic cell line (O'Brien et al., , 1995 . The neurotrophic sequence of prosaposin was identified as a 12-amino-acid peptide sequence (LIDNNKTEKEIL) located within the saposin C region of prosaposin (O'Brien et al., 1995) . In addition to prosaposin, both saposin C and several "prosaptides" (peptides containing the neurotrophic sequence of prosaposin) were found to promote neurite outgrowth, differentiation and cell survival in the same cholinergic cell line (O'Brien et al., 1995) . Prosaptides were also shown to be capable of protecting human neuroblastoma cells and hippocampal CA1 neurons in vitro (Kotani et al., 1996b; O'Brien et al., 1995) . There have been multiple prosaptides described in the literature, all of which are variants of the peptide sequence of prosaposin that mediates the protein's cytoprotective actions (Fig. 1) . Studies on human patients with prosaposin mutations suggest that prosaposin may exert neuroprotective and glioprotective actions in vivo, although these in vivo analyses are complicated by the fact that prosaposin also exerts effects on lysosomal function in addition to its actions as a secreted factor. Several reports describe the postmortem phenotypes of a 16-week old patient and his 20-week old fetal sibling, both of which had a novel mutation in the coding region of the prosaposin gene leading to a complete deficiency of the fulllength prosaposin and all four saposins (Bradova et al., 1993; Harzer et al., 1989; Paton et al., 1992) . In addition to the lysosomal storage deficits, a striking lack of cortical neurons, myelin and mature oligodendrocytes as well as an increase in reactive astrocytes and microglia were found within the brains of these patients (Hulkova et al., 2001) . Additional case studies report similar findings for other patients with prosaposin mutations (Elleder et al., 2005; Kuchar et al., 2009; Sikora et al., 2007) . Brain morphogenesis was also altered in most of these cases with the identification of gray matter heterotopias (Elleder et al., 2005; Kuchar et al., 2009) . A later study focusing on the neuropathology of three additional cases described an exaggerated sensitivity of the cortical neurons to the loss of prosaposin (Sikora et al., 2007) . Whereas non-neuronal cells showed a foamy appearance, characteristic of lysosomal lipid storage and sphingolipid hydrolase insufficiency, neuronal cells contained finely granular lysosomes with compacted inclusions and ubiquitinated proteins (Sikora et al., 2007) . These results indicate a distinct phenotype for neuronal cells from prosaposin-deficient patients, above and beyond the pathology that might be expected purely from lysosomal dysfunction. Similar to human patients who do not survive past five months of age, prosaposin-deficient mice have a shortened lifespan and survive for only 30 days (Sun et al., 2008a) . These animals have significant lysosomal dysfunction and begin to show neurological deficits around postnatal day 20, with these deficits rapidly progressing until death. Furthermore, mice with mutations in the neurogenic region of saposin C also demonstrate a neurodegenerative phenotype b r a i n r e s e a r c h 1 5 8 5 ( 2 0 1 4 ) 1 -1 2 (Yoneshige et al., 2010) , adding to the evidence that prosaposin may exert effects in vivo as a secreted neurotrophic factor.
3.
Prosaposin release
Prosaposin exocytosis following injury/stress
Like certain other lysosomal proteins, prosaposin can be secreted into the extracellular space, with this secretory process being enhanced under conditions of cellular stress. In models of peripheral nerve cut and crush, for example, prosaposin release is significantly elevated (Hiraiwa et al., 1999) . Similarly, total levels of prosaposin mRNA and protein are increased following nerve injury in motoneurons, beginning on the third day following injury and continuing to change until post-injury day 21 (Chen et al., 2008; Unuma et al., 2005) . Furthermore, prosaposin expression and release are greatly upregulated in animal models of focal cerebral ischemia (Costain et al., 2010; Hiraiwa et al., 2003; Yokota et al., 2001) , and prosaposin release from the retinal pigment epithelial cells in the eye can be elevated by cell stress induced by either light or hydrogen peroxide (Toyofuku et al., 2012) .
Mechanisms controlling prosaposin release
As a soluble lysosomal protein, prosaposin must associate with a sorting receptor that can interact with adapter proteins necessary for the formation of cargo vesicles for trafficking to the lysosome (Lobel et al., 1989; Puertollano et al., 2001) . Sortilin has been shown to be the key sorting receptor for prosaposin, as cells deficient for sortilin exhibit impaired trafficking of prosaposin to the lysosomal compartment and enhanced release of prosaposin into the extracellular medium (Hassan et al., 2004; Lefrancois et al., 2003; Zeng et al., 2009 ). The binding of prosaposin to sortilin has been localized to a 17-amino-acid region of the prosaposin carboxyl-terminus (Yuan and Morales, 2010) . Additionally, prosaposin must be in its monomeric form to interact with sortilin and be targeted to lysosomes, as it has been shown that prosaposin oligomerization blocks interaction with sortilin and leads to prosaposin secretion (Yuan and Morales, 2011) . Work on retinal pigment epithelial cells has revealed that Sema4A is another prosaposin-interacting protein that blocks prosaposin interaction with sortilin and promotes prosaposin exocytosis (Toyofuku et al., 2012) . The association of Sema4A with prosaposin was found to be increased when the cells were exposed to hydrogen peroxide to induce oxidative stress (Toyofuku et al., 2012) . These findings reveal a specific molecular mechanism underlying enhanced release of prosaposin following cellular stress.
4.
Effects of secreted prosaposin in the nervous system 4.1.
Prosaposin rescues ischemic damage
Given the aforementioned studies demonstrating that prosaposin expression and release are enhanced following ischemia (Costain et al., 2010; Hiraiwa et al., 2003; Yokota et al., 2001 ), a number of groups have explored the possibility that prosaposin might protect cells from ischemic damage. For example, the infusion of prosaposin into the lateral ventricles of gerbils prior to the induction of ischemia was found to prevent learning disabilities resulting from ischemic damage (Sano et al., 1994) . Similar results were found when an 18-amino-acid prosaptide was infused into the lateral ventricles of gerbils (Kotani et al., 1996b; Morita et al., 2001 ). These behavioral effects were found to be accompanied by cellular changes consistent with protection of cells from apoptotic death (Morita et al., 2001; Sano et al., 1994) . The infusion of the 18-amino-acid prosaptide into the lateral ventricles or the injection of the retro-inverso prosaptide D5 were also able to prevent secondary degeneration in the thalamus following occlusion of the left middle cerebral artery (Igase et al., 1999; Lu et al., 2000) . However, the timing, concentration and/or method of delivery of prosaptide treatment may be important for its protective effects, as one study found that peripheral injections of prosaptide D5 exacerbated behavioral deficits in a spinal cord model of ischemia (Lapchak et al., 2000) .
Prosaposin rescues dopaminergic neurons
In addition to the protective actions exhibited by prosaposin and prosaptides in ischemic models, prosaptides have also shown protective effects on dopaminergic neurons in vitro and in models of Parkinson's disease in vivo. For example, prosaptide D5, the aforementioned retro-inverso peptide generated from the neurotrophic sequence of prosaposin that is resistant to protease cleavage and capable of crossing the blood-brain barrier, was found to protect dopaminergic mesencephalon neurons from the neurotoxins MPP þ in vitro and MPTP in vivo respectively (Liu et al., 2001 ). Doses as low as 1 ng/ml prosaptide D5 were found to be capable of rescuing primary dopaminergic neurons from 20 mM MPP þ , whereas inert versions of the peptide had no effect. Similarly, 200 μg/kg prosaptide D5 rescued dopaminergic cells when given every other day for two weeks, 24 h after 1 injection of 40 mg/kg MPTP (Liu et al., 2001) . A subsequent study found similar results in cultured SH-SY5Y human neuroblastoma cells when treated with an 18-amino-acid version of prosaptide termed PS18 (Gao et al., 2013) . In addition, this group also found that 2 mg/kg PS18 was able to significantly improve behavioral deficits induced by MPTP, rescue dopaminergic neurons, and reduce the reactivity of astrocytes within the substantia nigra and striatum of MPTP-treated mice. Prosaposin treatment was shown in these studies to upregulate the anti-apoptotic factor Bcl-2, down-regulate the pro-apoptotic factor BAX and inhibit MPTP-induced cleavage of caspase-3, suggesting an action on signaling pathways that inhibit apoptosis (Gao et al., 2013) . In terms of relevance to human Parkinson's disease, prosaposin was found to be upregulated in the substantia nigra of human Parkinson's patients compared to non-Parkinsonian control patients (Miller et al., 2006) .
4.3.
Prosaposin facilitates nerve regeneration and alleviates sensory neuropathy (Jolivalt et al., 2008b) . Prosaptide TX14(A) was also able to enhance nerve regeneration distance and axonal diameter of the regenerated axons following sciatic nerve injury (Jolivalt et al., 2008b) . Prosaposin applied via a collagen-filled nerve guide after sciatic nerve transection in a guinea pig model increased the number of regenerating nerves, for both motor and sensory nerve types (Kotani et al., 1996a) .
In addition to promoting nerve regeneration, prosaptide treatment has also been reported to reduce neuropathic pain. For example, prosaptide TX14(A) was found to reverse thermal hyperalgesia in a sciatic nerve ligation model (Otero et al., 1999) . Prosaptide D5 was also able to reverse hyperalgesia in the same model in a manner that was blocked by pertussis toxin treatment, suggesting the activation of G protein pathways by prosaptide (Yan et al., 2000) . Additionally, prosaptide TX14(A) was shown to protect diabetic rats against progressive decline in sensory function and also relieve tactile allodynia and paw thermal hyperalgesia (Calcutt et al., 2000) . In separate studies, prosaptide TX14(A) was found to protect against TNF-induced hyperalgesia (Wagner et al., 1998) , paclitaxel-induced thermal hypoalgeisa (Campana et al., 1998a) and allodynia induced by the HIV envelope glycoprotein gp120 (Jolivalt et al., 2008a) . The models of pain were further expanded in a report comparing the ability of prosaptide TX14(A) to mediate protection in a diverse array of pain models (Jolivalt et al., 2006) .
Prosaposin protects myelinating glial cells
The aforementioned ability of prosaposin and prosaptides to enhance nerve repair may be mediated via actions on the nerve fibers themselves and/or via actions on myelinating glial cells that surround the nerves. For example, treatment of Schwann cells in culture with prosaposin or prosaptides has been found to promote Schwann cell survival in the face of cellular insults Hiraiwa et al., 1997b) and also increase synthesis of sulfatide, a marker for myelin production (Campana et al., 1998b; Hiraiwa et al., 1999) . Prosaptide TX14A was also shown to increase sulfatide concentration and reduce cell death, but not promote proliferation, in the CG4 oligodendrocyte cell line and the iSC Schwann cell line (Hiraiwa et al., 1997b) . Furthermore, peripheral administration of prosaptide D5 was shown to increase sulfatide concentrations in both the brain and sciatic nerve of developing rats (Hiraiwa et al., 2001 ). Moreover, prosaptide was shown to increase the expression and enzymatic activity of galactose-1-phosphate uridylyltransferase (GALT), an enzyme predominantly found in myelinating Schwann cells (Hiraiwa et al., 1999) . These findings from work on cultures of myelinating glial cells and from in vivo studies in rodents are intriguing given that prosaposin-deficient mice and human patients are known to exhibit severe central and peripheral hypomyelination and paucity of mature oligodendrocytes (Fujita et al., 1996; Harzer et al., 1989; Schnabel et al., 1992) .
Prosaposin is important for cerebellar development and survival
Multiple studies have identified effects of prosaposin on cerebellar development and cerebellar cell survival. Prosaposin is expressed at high levels in cerebellar regions across diverse species including rat, mouse, and pigeon (Islam et al., 2013; Kondoh et al., 1993; Sun et al., 1994) . Furthermore, mice that are hypomorphic for prosaposin exhibit Purkinje cell loss and cerebellar deficits prior to birth (Sun et al., 2008a) . Prosaposin mRNA levels reach their peak during the developmental period that marks granule cell proliferation and maturation, suggesting potential effects of prosaposin on granule cell development (Tsuboi et al., 1998) . Consistent with this idea, a 22-amino-acid prosaptide was found to promote neurite outgrowth in granule cells (O'Brien et al., 1995) . Furthermore, both prosaposin and prosaptide TX14(A) have been shown to rescue cerebellar granule cells from programmed cell death, an effect mediated through the activation of phosphatidylinositide 3-kinases (Tsuboi et al., 1998) . Prosaposin may also promote synaptic development and protection in regions of the brain beyond the cerebellum, as treatment with prosaposin has been shown to increase synaptic density in cultured hippocampal neurons (Cove et al., 2006 ).
Prosaposin protects diverse cell types from cellular insults
In addition to the abilities of prosaposin/prosaptides to exert protective actions on myelinating glial cells and cerebellar neurons, prosaposin/prosaptides have also been shown to exert protective effects on a number of other cell types in culture. For example, prosaposin and prosaptides have been shown to protect pheochromocytoma PC12 cells from various cellular insults (Misasi et al., 2001; Ochiai et al., 2008; Sorice et al., 2008) . Additionally, the aforementioned enhancement in prosaposin release induced by oxidative stress in retinal pigment epithelial cells has been shown to lead to prosaposin-mediated protection of photoreceptor cells from oxidative damage (Toyofuku et al., 2012) . Prosaposin also protects U937 monocytic cells from tumor necrosis factor-α-induced cell death (Misasi et al., 2004) and cortical astrocytes from death induced by hydrogen peroxide-mediated oxidative stress (Meyer et al., 2013) . Finally, in a comprehensive study of the ability of conditioned medium from mouse bone marrow stromal cell-derived neuroprogenitor cells (mMSCNPCs) to protect neurons from 6-OHDA-induced cell death, prosaposin was identified as the essential component of the mMSC-NPC-conditioned medium that exerted the neuroprotective effects (Li et al., 2010) .
5.
Receptors controlling prosaposin uptake
Importance of prosaposin uptake
Following secretion into extracellular regions, prosaposin can be re-uptaken by either the same cell or neighboring cells (Hermo et al., 1992; Hiesberger et al., 1998; Igdoura et al., 1993; Vielhaber et al., 1996) . The purpose of this endocytic process is unclear. One possibility is that endocytosis may serve to limit the time course of prosaposin action in extracellular spaces, thereby serving as a constraint on the physiological effects of secreted prosaposin described above. Another possibility is that prosaposin uptake may serve as a b r a i n r e s e a r c h 1 5 8 5 ( 2 0 1 4 ) 1 -1 2 mechanism for shuttling gangliosides and/or other membrane lipids from one cell to another. Prosaposin robustly binds to gangliosides and can promote ganglioside transfer from donor liposomes to acceptor erythrocyte ghosts . Further work is needed, however, to assess whether prosaposin can actually mediate such ganglioside shuttling between live cells.
Prosaposin uptake mediated by LRP1
The low density lipoprotein receptor-related protein 1 (LRP1) has been shown to mediate most of the uptake of prosaposin into cells (Hiesberger et al., 1998) in a manner that is regulated by the LRP adapter protein GULP (Kiss et al., 2006) . A small fraction of prosaposin uptake in certain cells can be mediated by receptors other than LRP1, for example the mannose-6-phosphate receptor (Hiesberger et al., 1998) , but nonetheless it is clear that LRP1 mediates the vast majority of prosaposin endocytosis (Hiesberger et al., 1998) . LRP1 is one of seven members of the low-density lipoprotein (LDL) receptor family (May et al., 2007) . All members of this family share structural similarity but have varied functions. The six other members of this family, in addition to LRP1, are LRP1b, LRP2 (also known as megalin), LDL receptor, very low-density lipoprotein receptor (VLDL receptor), LRP4 (also known as MEGF7) and LRP8 (also known as apolipoprotein E receptor 2) (May et al., 2007) . LRP1 was the second receptor in the family to be cloned and has a broad expression pattern throughout the body (Herz et al., 1988) . In the brain, LRP1 expression has been identified in neurons and astrocytes (Lillis et al., 2008) as well as microglia (May, 2013) . This endocytic receptor appears to function mainly as a trafficking protein and regulator of cell surface receptors and proteases (Boucher et al., 2003; Deane et al., 2008; Herz et al., 1988; Loukinova et al., 2002; Marzolo and Bu, 2009) , and in this capacity it has attracted attention due to its ability to influence β-amyloid production (Lillis et al., 2008; Sagare et al., 2012) . In addition to their roles in signaling regulation, the LRP receptors also transport diverse cargo including lipoproteins, proteases, vitamins, bacterial proteins, viruses and signaling molecules, recognizing many dozens of individual ligands (Herz and Bock, 2002; Lillis et al., 2005) . The number of different ligands bound by LRP1 suggests that this receptor may play a role in numerous cell functions (Lillis et al., 2008; Sagare et al., 2012) .
6.
Receptors mediating prosaposin signaling via G proteins 6.1.
Prosaposin stimulates ERK and Akt phosphorylation
Prosaposin and prosaptide treatment can stimulate extracellular signal-regulated kinase (ERK) phosphorylation in a variety of different cell types. ERK1 and ERK2 are widely-expressed protein kinases that mediate pleiotropic cellular effects, with the promotion of cell survival being one prominently-reported effect following transient ERK activation, although prolonged ERK activation can have deleterious consequences (Subramaniam and Unsicker, 2010) . In primary Schwann cells, as well as an immortalized Schwann cell line, prosaptide TX14(A) was shown to promote ERK phosphorylation to promote the aforementioned increase in sulfatide synthesis (Campana et al., 1998b) . Additionally, prosaptide D5 was found to induce ERK phosphorylation in the immortalized iSC cells (Hiraiwa et al., 2001) . In an androgenindependent prostate cancer cell line, prosaptide TX14(A) was shown to induce ERK phosphorylation in a manner that resulted in enhanced proliferation, survival, migration, and invasion of the cancer cells . In the immortalized PC12 cell line, prosaposin induced cells to enter the S phase of the cell cycle through the ERK signaling pathway (Misasi et al., 2001) and ERK phosphorylation was one of the signaling mechanisms by which prosaposin was found to protect PC12 cells against oxidative cell death (Ochiai et al., 2008) . Finally, saposin C was shown to prevent cell death in the monocytic cell line U937 cell line through preventing necrosis and apoptosis, as discussed above, via promotion of both ERK phosphorylation and sphingosine kinase activity (Misasi et al., 2004) . Akt is another protein kinase that typically promotes cell survival (Brunet et al., 2001) . Prosaposin and prosaptides can induce Akt phosphorylation in a variety of cells types. In primary Schwann cells, for example, prosaptide TX14(A) was shown to stimulate Akt phosphorylation and promote Schwann cell survival in an manner that was dependent on activation of Akt and phosphatidylinositide 3-kinases, which are upstream activators of Akt . Furthermore, prosaposin was shown to stimulate the Akt pathway to prevent oxidative cell death in PC12 cells in addition to stimulating signaling through the ERK pathway (Ochiai et al., 2008) . Finally, saposin C was shown to activate Akt phosphorylation in a dose-dependent manner in prostate cancer cells, resulting in protection of the cells from caspase activation and apoptosis .
6.2.
Prosaposin can stimulate G protein-mediated signaling Some of the signaling pathways stimulated by prosaposin and prosaptides have been shown to be dependent on G protein activation. In some cases, the evidence has been direct, as for example prosaposin treatment of cells has been shown to promote the activation of Gαi and Gαo G proteins (Hiraiwa et al., 1997a; Meyer et al., 2013; Yan et al., 2000) . In other cases, the evidence has been more indirect, as many of the signaling pathways stimulated by prosaposin and prosaptides can be blocked by pertussis toxin, which is an inhibitor of Gαi and Gαo. Notably, analgesia induced by prosaptide is pertussis toxinsensitive (Yan et al., 2000) , as is the ability of prosaposin to induce neurite sprouting (Misasi et al., 1998) . Moreover, the aforementioned ability of prosaposin and prosaptides to induce ERK phosphorylation has been shown in multiple cell types to be pertussis toxin-sensitive (Campana et al., 1998b; Lee et al., 2004; Meyer et al., 2013; Misasi et al., 2004) .
Building on this earlier literature concerning the ability of prosaposin to stimulate G protein-mediated signaling, recent studies have demonstrated that prosaposin and prosaptide TX14(A) can mediate ERK signaling and cellular protection through stimulation of two orphan G protein-coupled receptors, GPR37 and GPR37L1 (Meyer et al., 2013) . These receptors are most similar to endothelin receptors and expressed mainly in the nervous system in both neurons and glia b r a i n r e s e a r c h 1 5 8 5 ( 2 0 1 4 ) 1 -1 2 (Cahoy et al., 2008; Donohue et al., 1998; Imai et al., 2001; Leng et al., 1999; Marazziti et al., 1997 Marazziti et al., , 1998 Valdenaire et al., 1998; Zeng et al., 1997) . GPR37 is alternatively identified as the Parkin-Associated Endothelin-Like receptor (PAEL-R) (Imai et al., 2001 ), while GP37L1 is named for its similarity to GPR37. Originally, GPR37 garnered interest due to its identification as a substrate of the E3 ubiquitin ligase parkin (Imai et al., 2001) , and much early work on this receptor focused on the propensity of GPR37 to misfold and induce cell stress in the absence of parkin or upon overexpression (Dusonchet et al., 2009; Imai et al., 2001; Kitao et al., 2007; Marazziti et al., 2009; Wang et al., 2008; Yang et al., 2003) . These misfolding and trafficking deficits of GPR37 were shown to be rescued by co-expression with interacting partners such as the scaffold protein syntenin-1, which promotes GPR37 trafficking to the plasma membrane (Dunham et al., 2009) . Despite the toxicity that has been observed following GPR37 over-expression, GPR37 at physiological expression levels has been shown to protect neuron-like cells from cell death induced by the dopaminergic toxins MPPþ, rotenone and 6-OHDA (Lundius et al., 2013) . Furthermore, GPR37 and GPR37L1 expression in cultured astrocytes was shown to be necessary for the protection from oxidative stress induced by treatment with prosaposin or prosaptide TX14(A) (Meyer et al., 2013) , and plasma membrane-expressed GPR37 was shown to mediate protective effects of extracellular prosaposin in N2a cells (Lundius et al., 2014) . Taken together, these findings suggest that while misfolded cytoplasmic GPR37 can be toxic for cells, GPR37 and GPR37L1 expressed in the plasma membrane are cytoprotective and mediate at least some of the welldescribed protective actions of secreted prosaposin. Thus, GPR37 and GPR37L1 join LRP1 as cell surface receptors for prosaposin (Fig. 2) .
Integrated model of prosaposin action
Prosaposin has many diverse actions and thus it is challenging at present to synthesize the various physiological effects of this multifunctional protein into a coherent model of prosaposin activity. As a starting point, we propose the following: prosaposin evolved as a key lysosomal enzyme mediating the breakdown of lipids. Like many lysosomal enzymes, such as cathepsins, prosaposin can be secreted following cellular stress, with these secreted lysosomal enzymes having important roles in cleaning up cellular debris following injury (Blott and Griffiths, 2002) . However, we propose that secreted prosaposin came to gain an additional role as a signal of cellular injury/inflammation that cues nearby neurons and glia to initiate survival pathways. In this view, GPR37 and GPR37L1 may have evolved as sensors of secreted prosaposin, which thereby makes these receptors sensors of cellular injury/inflammation (Fig. 3 ). If this model is accurate, it suggests that GPR37 and GPR37L1 may be outstanding targets for novel therapeutics aimed at promoting protection from injuries such as nerve damage or ischemia, since these receptors are part of the normal response of the nervous system to protect itself following injury.
Future directions for studies on prosaposin and its receptors
Given that prosaposin and prosaptide have been reported to be protective in animal models of stroke, Parkinson's disease, peripheral nerve damage and demyelination disorders, one important future direction of research in this area will be to Prosaposin can be secreted from various cell types in response to cellular stress. Following its release into the extracellular space, prosaposin binds to receptors on nearby neurons and glia to become endocytosed or initiate prosurvival signaling pathways. assess which of these protective effects are due to stimulation of GPR37/GPR37L1 and which are due to other effects of secreted prosaposin. If any of the in vivo protective effects of prosaposin are indeed confirmed to be dependent on GPR37 and/or GPR37L1, then a further important future direction will be to screen for small molecule agonists and/or positive allosteric modulators for these receptors, as such compounds may have outstanding therapeutic potential due to their abilities to mimic and/or enhance the protective actions of secreted prosaposin. At present, no small molecule ligands are known for either GPR37 or GPR37L1, and thus the pharmacology of these receptors is unexplored terrain that has the potential to yield clinically useful therapeutic drugs. Additionally, there also might be clinical utility in the development of drug-like molecules that either promote prosaposin secretion or slow prosaposin uptake in order to enhance the protective actions of endogenous prosaposin. Such molecules might bind to prosaposin itself or bind to the receptors that control prosaposin uptake, such as LRP1. However, further work will be necessary to understand more about the mechanisms controlling prosaposin release and uptake, with an important issue being how selectively these processes can be modulated. As mentioned earlier, LRP1 has numerous other substrates (Herz and Bock, 2002; Lillis et al., 2005) , and therefore it may be challenging to achieve selective modulation of prosaposin levels by targeting LRP1. Finally, future work in this area will seek to disentangle the roles of lysosomal saposins and secreted prosaposin in the pathophysiology of prosaposin deficiency. In addition to providing clinical insights, such efforts will also shed new light on the fundamental biology of this system and thereby contribute to a better overall understanding of prosaposin activity.
